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Motivation
Higher	energy	density	redox	flow	batteries are	needed	for	grid	
scale	energy	storage.

§ Most	flow	batteries 25-100	 Wh/L
§ Li-ion	battery 250-700 Wh/L
§ Natural	Gas 6,200 Wh/L
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Traditional	Flow	Battery	Architecture

§ Energy	stored	in	large	tanks
§ Power	determined	by	electrochemical	cell
§ Easily	scalable
§ Safe	– reactants	are	located	far	apart

§ Liquids	limit	design	applications
§ Flow	rate
§ Viscosity
§ Cell	design
§ Maximum	energy	density
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What	Is	Mediation?
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§ Mediation	uses	soluble	redox	active	species	to	oxidize	and	
reduce	solid	energy	storing	materials.

Cathode Charge Reaction
At electrode in cell:

Mediator à Mediator+ + e-

In solution tanks:
Mediator+ + Solid à Solid+ + Mediator

Cathode Discharge Reaction
At electrode in cell:

Mediator+ + e- à Mediator
In solution tanks:

Mediator + Solid+ à Solid + Mediator+



Mediation	Applied	to	a	Flow	Battery
§ Power	Output	

§ electrodes	oxidize	and	reduce	mediators	at	cell

§ Energy	Storage	
§ mediators	oxidize	and	reduce	energy	storing	solid
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The	Mediation	“Dream”
§ Energy	density	of	Li-ion
§ Scalability	of	redox	flow	battery

§ energy	and	power	decoupled

§ Safety	of	redox	flow	battery
§ anode	and	cathode	far	apart

§ Rapid	recharge	by	exchanging	anode/cathode	canisters
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Mediation	Offers	Enhanced	Design	Flexibility

§ Wide	range	of	solvents	possible
§ Optimize	viscosity,	temperature	stability

§ Solubility	of	energy	storage	material	not	concern

§ Mediators	can	be	low	density,	but	high	power
§ 500	mM should	be	sufficient
§ Large	electrochemical	libraries	available
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LixFePO4	Cathode

§ Fc	to	reduce	FePO4
§ Fc	+	FePO4 +	Li+ à Fc+ +	LiFePO4

§ FcBr2 to	oxidize	LiFePO4
§ FcBr2+ +	LiFePO4 à FcBr2 +	FePO4 +	Li+
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storage tank. As a result, the third charging plateau is obviously pro-
longed, and the capacities of both LiFePO4 and TiO2 are released at this
stage [reaction (2)]. In contrast, only two plateaus are observed in the
first charging process (fig. S10) because both Co(Cp)2 andCo(Cp*)2 are
initially in reduced states, and hence, reaction (5) is absent during the
first charging. The discharging process nearly reverses the above
electrochemical and chemical reactionswith three voltage plateaus from
high to low voltage corresponding to reactions (1), (4), and (5), respec-
tively. The prolonged third plateau of the discharging curve involves the
reactions of both FePO4 and LixTiO2 with Fc and Co(Cp)2 [reaction
(6)], respectively.

There is a clear trend that the voltage plateaus increase with current
density. As discussed previously, the operation of RFLB relies on the

chemical reactions between redox mediators and Li storage materials
in the tanks, the electrochemical reactions of the redox mediators in
the electrochemical cell, and the mass transport of Li+ and redox me-
diators between the two, as well as that of Li+ across the membrane.
Although the microstructure of the Li storage materials in the tank is
optimized, our previous study discloses that the pseudo–first-order vol-
umetric rate constants of the Li+-coupled heterogeneous electron trans-
fer between Fc/FcBr2 and LiFePO4 are in the range of 1 to 6 s

−1, which is
translated into a “C-rate” of more than 43C, a rather fast process for
normal battery operation (33). In addition, as the redox mediators used
here are highly reversible, the fast electrode reactions of these redox spe-
cies are unlikely to dictate the power of the cell. Hence, the mass
transport, especially that of Li+ across themembrane, would plausibly

Fig. 3. Working principle of the redox targeting reactions in cathodic and anodic tanks. (A) Cyclic voltammograms of the redox mediators and
Li storage materials—LiFePO4 and TiO2. (B) A scheme compiling the chemical reactions between the redox mediators and materials in the tanks, as
well as the electrochemical reactions of the mediators in the cell at different charging and discharging stages.

Fig. 4. Electrochemical performance of the RFLB full cell. (A) Typical voltage profiles of the RFLB full cell at different current densities. The inset
shows a fraction of the GITT curve of the cell during the charging process at a current density of 0.05 mA cm−2. (B) Volumetric capacity retention
and coulombic efficiency of the cell over cycling at different current densities.
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LixTiO2 Anode

§ Bis(pentamethylcyclopentadienyl)cobalt	to	reduce	TiO2
§ CoCp*2+ +	2TiO2	+	Li+ à CoCp*2+ +	2Li0.5TiO2

§ Cobaltocene to	oxidize	Li0.5TiO2
§ CoCp2+ +	2Li0.5TiO2 à CoCp2 +	2TiO2	+	Li+
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storage tank. As a result, the third charging plateau is obviously pro-
longed, and the capacities of both LiFePO4 and TiO2 are released at this
stage [reaction (2)]. In contrast, only two plateaus are observed in the
first charging process (fig. S10) because both Co(Cp)2 andCo(Cp*)2 are
initially in reduced states, and hence, reaction (5) is absent during the
first charging. The discharging process nearly reverses the above
electrochemical and chemical reactionswith three voltage plateaus from
high to low voltage corresponding to reactions (1), (4), and (5), respec-
tively. The prolonged third plateau of the discharging curve involves the
reactions of both FePO4 and LixTiO2 with Fc and Co(Cp)2 [reaction
(6)], respectively.

There is a clear trend that the voltage plateaus increase with current
density. As discussed previously, the operation of RFLB relies on the

chemical reactions between redox mediators and Li storage materials
in the tanks, the electrochemical reactions of the redox mediators in
the electrochemical cell, and the mass transport of Li+ and redox me-
diators between the two, as well as that of Li+ across the membrane.
Although the microstructure of the Li storage materials in the tank is
optimized, our previous study discloses that the pseudo–first-order vol-
umetric rate constants of the Li+-coupled heterogeneous electron trans-
fer between Fc/FcBr2 and LiFePO4 are in the range of 1 to 6 s

−1, which is
translated into a “C-rate” of more than 43C, a rather fast process for
normal battery operation (33). In addition, as the redox mediators used
here are highly reversible, the fast electrode reactions of these redox spe-
cies are unlikely to dictate the power of the cell. Hence, the mass
transport, especially that of Li+ across themembrane, would plausibly

Fig. 3. Working principle of the redox targeting reactions in cathodic and anodic tanks. (A) Cyclic voltammograms of the redox mediators and
Li storage materials—LiFePO4 and TiO2. (B) A scheme compiling the chemical reactions between the redox mediators and materials in the tanks, as
well as the electrochemical reactions of the mediators in the cell at different charging and discharging stages.

Fig. 4. Electrochemical performance of the RFLB full cell. (A) Typical voltage profiles of the RFLB full cell at different current densities. The inset
shows a fraction of the GITT curve of the cell during the charging process at a current density of 0.05 mA cm−2. (B) Volumetric capacity retention
and coulombic efficiency of the cell over cycling at different current densities.
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storage tank. As a result, the third charging plateau is obviously pro-
longed, and the capacities of both LiFePO4 and TiO2 are released at this
stage [reaction (2)]. In contrast, only two plateaus are observed in the
first charging process (fig. S10) because both Co(Cp)2 andCo(Cp*)2 are
initially in reduced states, and hence, reaction (5) is absent during the
first charging. The discharging process nearly reverses the above
electrochemical and chemical reactionswith three voltage plateaus from
high to low voltage corresponding to reactions (1), (4), and (5), respec-
tively. The prolonged third plateau of the discharging curve involves the
reactions of both FePO4 and LixTiO2 with Fc and Co(Cp)2 [reaction
(6)], respectively.

There is a clear trend that the voltage plateaus increase with current
density. As discussed previously, the operation of RFLB relies on the

chemical reactions between redox mediators and Li storage materials
in the tanks, the electrochemical reactions of the redox mediators in
the electrochemical cell, and the mass transport of Li+ and redox me-
diators between the two, as well as that of Li+ across the membrane.
Although the microstructure of the Li storage materials in the tank is
optimized, our previous study discloses that the pseudo–first-order vol-
umetric rate constants of the Li+-coupled heterogeneous electron trans-
fer between Fc/FcBr2 and LiFePO4 are in the range of 1 to 6 s

−1, which is
translated into a “C-rate” of more than 43C, a rather fast process for
normal battery operation (33). In addition, as the redox mediators used
here are highly reversible, the fast electrode reactions of these redox spe-
cies are unlikely to dictate the power of the cell. Hence, the mass
transport, especially that of Li+ across themembrane, would plausibly

Fig. 3. Working principle of the redox targeting reactions in cathodic and anodic tanks. (A) Cyclic voltammograms of the redox mediators and
Li storage materials—LiFePO4 and TiO2. (B) A scheme compiling the chemical reactions between the redox mediators and materials in the tanks, as
well as the electrochemical reactions of the mediators in the cell at different charging and discharging stages.

Fig. 4. Electrochemical performance of the RFLB full cell. (A) Typical voltage profiles of the RFLB full cell at different current densities. The inset
shows a fraction of the GITT curve of the cell during the charging process at a current density of 0.05 mA cm−2. (B) Volumetric capacity retention
and coulombic efficiency of the cell over cycling at different current densities.
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LixTiO2 - LixFePO4	Mediated	Flow	Battery

§ Prove	feasibility	of	literature	chemistry	by	using	larger	scale
§ Electrolyte:								 1	à 10	mL
§ Solids:																	 7	à 175	mg
§ Mediators 5	à 25	mM
§ Current	density	 0.09	à >1	mA	cm-2
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Mediated	RFB	Performance

§ Successful	scale-up	to	10	mL,	0.5	mA	cm-2

§ >30%	of	maximum	theoretical	capacity	(Li0.5TiO2)	
§ Lower	rates	increase	capacity
§ TiO2 particle	size	vs.	accessible	capacity
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SDAPP-PEG
Nafion 212 - PVDF
Fumasep PK

Membrane	Choice	Limits	Performance
§ Li-ion	selective	Nafion 212	– PVDF	membrane	is	relatively	

high	resistance
§ Identify	other	membranes	with	lower	resistance

§ Stack	membranes	in	Swagelok	cell	and	record	impedance	
§ SDAPP-PEG	<	Nafion 212-PVDF	<	Fumasep FAP-PK
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Membrane Characterization 

stainless steel cylinder 
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Electrochemical impedance spectroscopy (EIS) was used to 
measure the through-plane resistance of various 
membranes/separators. 

slope of fitted line = 21.3 Ω cm2 

≡  area-specific resistance of membrane 
without contact resistance 
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Swagelok Cell

N.S. Hudak, L.J. Small, H.D. Pratt, T.M. Anderson, J. Electrochem. Soc. 162 A2188 (2015).
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Conductive	Membranes	Enable	
Higher	Current
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§ Fumasep PK	membrane	enables	4x	increase	in	current	density	
over	Nafion 212-PVDF	(0.5	vs.	2	mA	cm-2)

§ More	variable	performance	due	to	crossover
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Voltage	Efficiency	Is	Concerning

§ Chosen	mediators	used	overpotentials up	to	0.3	V
§ 1.30	V	discharge	/	2.11	V	charge	=	61%	voltage	efficiency

§ High	overpotentials =	low	voltage	efficiency
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Influence	of	Cathode	Mediator
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TEMPO N-oxylMetallocenes

§ Minimize	mediation	overpotential

§ Maximize	mediator	solubility	

§ How	does	redox	potential	influence	mediation	rate?

LiFePO4



Summary

§ Mediated	flow	batteries	are	promising	for	modular,	high	
density	energy	storage

§ Mediation	potentials	must	be	optimized	to	increase	voltage	
efficiency

§ Path	forward
§ Charge	storage	solids	with	higher	surface	area	for	faster	mediation

§ Solvents	optimized	for	mediator	solubility	and	viscosity

§ Scalability	of	RFB

§ Optimize	mediator	:	solids	:	electrode	ratio
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Questions?
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